Occupational medical surveillance is highly desirable in manufacturing facilities where exposure to chemicals is significant. The insecticide fipronil is generally considered safe for humans but with increasing use, exposure to fipronil is of concern. Identification of urinary metabolites of fipronil may allow development of affordable, cheap and rapid procedures for human exposure evaluation. In this study we developed a fast and easy approach for synthesis of hydroxy-fipronil, a potential urinary metabolite of fipronil. This standard was used to develop a sensitive analytical LC-MS/MS method with a limit of quantification (LOQ) of 0.4 ng/mL. Fipronil sulfone, a known metabolite, and hydroxy-fipronil were quantified in urine samples from rats treated with a fipronil containing diet. Fipronil sulfone concentration centered around 20 ng/mL, while the concentration of hydroxy-fipronil was dose-dependent ranging in 10-10,000 ng/mL and thus being a more sensitive marker of fipronil exposure. A fipronil immunoassay with cross-reactivity to hydroxy-fipronil showed a good correlation in signal intensity with LC-MS data. It was also used to demonstrate the applicability of the method for sample screening in the evaluation of exposure levels.
Introduction
Fipronil is a broad spectrum insecticide from the phenylpyrazole family. It is often used in four major domains: pest control in a wide variety of field crops, urban pest management, veterinary applications (especially in topical pet care products), and to control rice water weevil infestation in rice-crawfish rotation (EPA, 2011; Jackson et al., 2009; Simon-Delso et al., 2015; Watts, 2012) . Fipronil is a neurotoxic compound acting on invertebrate GABA-gated chloride channels in the central nervous system and thus has found a wide application mainly because the target insects have not developed resistance to the pesticide. Fipronil is also relatively persistent in the environment providing long-term protection, with half-life (t 1/2 ) over 100 days in certain conditions (Gunasekara et al., 2007) . A recent report by the U.S. Environmental Protection Agency (EPA) indicated a significant increase in the amount of fipronil used between 1998 and 2008 (Simon-Delso et al., 2015 .
With increasing amounts of insecticide use, human exposure to fipronil is of greater concern, in particular in the case of people directly working with the chemical at manufacturing plants and those applying it in the fields and other corresponding sites. In addition to occupational exposure, the general population is also exposed to fipronil through household uses of fipronil. In particular, human exposure may occur through application of fipronil to animals and interaction with pets. Animals may spread fipronil residues by rubbing against carpet and furniture, suggesting sub-chronic or chronic exposure in the general population (Cochran et al., 2015) . Although, fipronil is accepted to be relatively safe for humans because of its lower binding affinity to vertebrate GABA-gated chloride channels (Hainzl et al., 1998) , it has been recently demonstrated that exposure to micromolar concentrations of fipronil induced cell death (Vidau et al., 2009; Vidau et al., 2011) . Interestingly, cytotoxic effects of fipronil were shown to be stronger with lower micromolar concentrations and less pronounced with higher concentrations (Das et al., 2006) , indicating that continuous exposure to low levels of fipronil as in the case of occupational exposure may have a pronounced impact on human health. A number of studies with animals showed that continuous exposure to fipronil leads to significant hepatic effects (e.g. periacinar hypertrophy) in mice and rats even at low doses. Mice showed reduced bodyweight gains at the high doses tested (4.5 mg/kg body weight (bw)/day for 13 weeks) (Hamernik, 1998) . Rats, in particular females, showed a significant increase in liver weight following treatment with fipronil even with low doses (3.4 mg/kg bw) (Hamernik, 1998) . Dogs treated with a diet containing low fipronil doses (up to 3 mg/kg bw/day) did not experience abnormal weight gain or severe neurological effects (usually 6-30 mg/kg bw for flea and tick control). However, other signs of toxicity were observed including convulsions, head nodding and muscles twitching (Hamernik, 1998; Woodward, 2012) . Herin et al. (2011) assessed serum concentrations of thyroid-stimulating hormone (TSH), fipronil and fipronil sulfone in 159 workers in a factory manufacturing fipronil-containing veterinary drugs. They found a significant positive correlation between exposure and fipronil/fipronil sulfone concentration in the blood. In addition, fipronil sulfone concentration correlated negatively with serum TSH. Authors suggested the possibility that fipronil has a central inhibitory effect on TSH secretion in humans that potentially leads to adverse health consequences, the major one being loss of bone density and osteoporosis (Clark et al., 2010; Ozkaya et al., 2015) . Thereby they emphasized that close occupational medical surveillance is highly desired to monitor the exposure of factory workers to fipronil in order to maintain health and well-being.
A number of studies were conducted to determine fipronil distribution and metabolism in mammals, as well as to identify its metabolites as potential biomarkers of exposure to fipronil (Cravedi et al., 2013; FAO, 2001; McMahen et al., 2015) . Fipronil sulfone is a commonly accepted and proven major metabolite in all tissues, excrement, and blood (Cravedi et al., 2013; FAO, 2001; McMahen et al., 2015) . Patients with signs of distress indicating potential poisoning with fipronil are usually subjected to blood analysis to identify the parent compound or fipronil sulfone (Mohamed et al., 2004) . However, blood screening is an invasive method causing discomfort, pain and carries a risk of developing infection. Therefore, urine is a much more convenient biospecimen for screening tests. Two recent studies performed a detailed analysis of urine samples obtained from rats treated with a fipronil-containing diet (Cravedi et al., 2013; McMahen et al., 2015) . Based on mass fragmentation of the compound both teams assigned a structure of hydroxy-fipronil but it has not been proven by analytical methods. Nevertheless, based on signal ratios in chromatograms McMahen et al. (2015) provided an estimate of concentration of metabolites present in the urine. From these data, hydroxy-fipronil appears to be a dominant metabolite among the other identified metabolites of fipronil.
The specific objectives of this study were to develop an approach for the synthesis of hydroxy-fipronil and use it as a standard to verify the identity of the discovered metabolite. A synthetic standard of hydroxy-fipronil was tested on mammalian GABA A receptors to characterize the biological activity of the new compound. It was also used to assess its toxicity to insects. Finally, hydroxy-fipronil was used to develop a high performance liquid chromatography method (HPLC) coupled with tandem mass spectrometry detection (MS/MS) to provide a quantitative estimate of the biomarker in the urine of treated animals.
Materials and methods
Information concerning chemicals, instruments, buffers, reagents and synthesis is detailed in the Supporting Information (SI) or in the sections below.
Urine samples
Urine samples were generated as part of a study reported by Freeborn et al. (2015) . Briefly, rats were treated by oral gavage with a fipronil-containing corn oil using an 18 Ga feeding needle with a blunt tip. Animals were treated daily at 5 or 10 mg/kg either for two weeks (repeated) or on a single day only. Urine was collected in a syringe either from voids on a clean table or via bladder puncture and transferred to a micro-centrifuge tube, immediately frozen on dry ice, and stored at −80°C.
Enzymatic hydrolysis of urine
Urine aliquots of 250 μL were mixed with 150 μL of methanol and hydrolyzed using a 100 μL solution containing 33 μL (85,000/ 7500 U/mL) of β-glucuronidase/sulfatase and 1.1 mL of 1 M ammonium acetate buffer at pH 5.5. The reaction was left overnight at 37°C with gentle mixing.
Hydroxy-fipronil identification
Analysis was carried out with a method reported by McMahen et al. (2015) . Briefly, an Agilent 1100 HPLC interfaced with an Agilent 6210 (TOF) mass spectrometer fitted with an electrospray ionization (ESI) source was used. The HPLC was performed with a Zorbax Eclipse Plus C18 column (2.1 × 50 mm, 3.5 μm, Agilent Technologies) fitted with a Phenomenex guard column (Torrance, CA). The method consisted of the following: 0.2 mL/min flow rate; at 30°C; mobile phases: A: ammonium formate buffer (0.4 mM) and DI water:methanol (95:5 v/v), and B: ammonium formate (0.4 mM) and methanol:DI water (95:5 v/v); gradient: 0-5 min a linear gradient from 50:50 A:B to 100% B; 5-15 min, 100% B; 15-18 min re-equilibration to 50% A and 50% B.
Method 1 (the Hammock group). For fipronil sulfone and hydroxyfipronil
Rat urine samples (40 μL) were mixed with 10 μL of 1 μM 12-(3-cyclohexyl-ureido)-dodecanoic acid (CUDA) methanol solution. We used CUDA as an external standard since it showed a retention time close to fipronil sulfone, as well as spike-recovery studies with blank urine matrix showed CUDA to be an appropriate standard to account for ion suppression. The samples were cleared with a centrifugal filter device under 20,000g for 5 min. The resulting solutions were transferred to vials with 100 μL volume inserts, and stored at −20°C prior to analysis. Separation of the target compounds was performed on an UPLC system (Waters Corp., Milford, MA). Samples were stored in an autosampler at 4°C, and 10 μL were injected by a partial loop with needle overfill. The UPLC column Kinetex C18 (1.7 μm, 2.1 × 100 mm, 1.7 μm particle size, Kinetex, Phenomenex) was kept at 40°C. Mobile phases were composed of water with 0.1% acetic acid (phase A) and acetonitrile with 0.1% acetic acid (phase B). The following gradient was applied: 0-3 min 20% B, 3.1-6 min, a linear gradient from 20 to 80% B, 6.1-8 min, a linear gradient from 80 to 100% B, 8.1-9.1 min, 100% B, 9.1-10 min re-equilibration to 20%. The flow rate remained constant at 0.4 mL/min. The run event was designed to pre-purify samples online, 0-3 min to waste; 3-8 min to MS; 8-10 min to waste. The UPLC system was interfaced with the Quattro Premier MS equipped with an ESI source operated in positive ionization mode. MS operating parameters and compound specific information are provided in the SI, Tables S1 and S2. The data were acquired and processed using Masslynx 4.1 software with instrument and Masslynx 4.1 with TargetLynx.
LC/MS/MS analysis. Method 2 (the EPA group). For fipronil sulfone only
Method 2 is an alternative method for fipronil sulfone quantification and for independent evaluation of the accuracy of method 1. Analysis was carried out with a method reported by McMahen et al. (2015) . Briefly, rat urine (100 μL) was precipitated with 900 μL of cold acetonitrile and centrifuged for 8 min at 12,500 ×g. An aliquot of the supernatant was extracted and mixed 50:50 with 10 mM ammonium acetate buffer before LC/MS analysis. Quantification analysis (LC/triple-quad) was carried out using an Agilent 1100 HPLC interfaced with a Sciex 3000 triple quadrupole mass spectrometer (Applied Biosystems/MDS Sciex) fitted with an ESI operated in the negative ionization mode. Fipronil sulfone specific transitions used for quantification were 451.1/ 415, 451.1/281.9, 451.1/243.9. The HPLC system consisted of a Phenomenex Luna C18 column (50 × 3 mm, 5 μm; Torrance, CA, USA) with a Security-guard guard column (Phenomenex). The method consisted of the following: 0.4 mL/min flow rate which increased to 0.75 mL/min at time = 2 min; temperature: 30°C; mobile phases -A: ammonium acetate buffer (0.2 mM) and DI water:methanol (95:5, v/v), and B: ammonium acetate buffer (0.2 mM) and acetonitrile:DI water (95:5, v/v); gradient: 0-2 min 50% A and 50% B; 2.1-4 min, a linear gradient from 50:50 A:B to 10:90 A:B; 4-6 min 10% A and 90% B; 6.1-10 min re-equilibration to 50% A and 50% B.
2.6. Insect bioassay 2.6.1. Rearing of Spodoptera frugiperda (fall armyworm)
The eggs of S. frugiperda were obtained from Benzon Research (Carlisle, PA) and maintained at 26 ± 2°C until hatching. The larvae were reared on a premixed artificial diet (Bioserv#F9781B, Frenchtown, NJ) and maintained at 26 ± 2°C, with a photoperiod of 14:10 h (L:D).
Bioassays procedure
Bioassays were conducted on second instar (~3.5 days old) larvae of S. frugiperda using a diet surface contamination method. Five concentrations ranging from 1 to 100 μg/mL from each agent were prepared in DI water and used with 3 replicates for each concentration. The diet was prepared according to the manufacturer instructions by adding 139.7 g dry mix (BioServ, NJ; Product #F9781B) and 4.8 g potassium hydroxide solution into 24 g boiled agar in 831 mL DI H 2 O to form 1 L of diet. An aliquot of 15 mL was poured in 120 mL cup (Frontier Agricultural Services, Newark, DE) (with base and top diameters equal to 6 and 6.5 cm, respectively). One mL of each concentration or DI H 2 O (control) was separately spread on the diet surface, and then cups moved several times to ensure covering the whole surface of the diet with solution. Immediately after covering the whole diet surface, the remainder of the solution was completely removed using a pipette. Cups were left for 15 min at RT to dry. Ten 2nd instar larvae of S. frugiperda were transferred into each cup with a total number of 30 larvae/concentration or control. A total of 180 larvae were used for each bioassay and control, and repeated in triplicate. Data were recorded at 12 h intervals for 3 days. The larvae were considered dead when they did not respond to a gentle touch with a brush to provoke movement. Median lethal concentrations (LC 50 ) and median lethal times (LT 50 ) were calculated using the Probit analysis 3.1 program and ViStat 2.1 program respectively.
GABA receptor bioassay 2.7.1. Preparation of cells expressing the α1β3γ2L GABA A receptors
The human GABA A receptors α1, β3 and γ2L cloned into pcDNA3.1 expression vectors were a gift from Dr. Robert L. Macdonald, Vanderbilt University, TN. Fibroblast L929 cells were cultured in Dulbecco's modified Eagle's medium (Lonza) supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin (Invitrogen) and maintained in humidified 95% air and 5% CO 2 air at 37°C. Cells were transfected using FuGENE 6 (Roche) transfection reagent with an equal amount of each of the subunits in combination with pEGFP-C1. The transfection ratio of total cDNA to transfection reagent was 3:1. 36 h post-transfection, cells were plated on glass coverslips and transfected cells were identified using an epifluorescence microscope for electrophysiological whole-cell voltage-clamp studies.
Electrophysiological recordings
Whole-cell voltage-clamp recordings were performed at RT with an EPC-10 HEKA amplifier. Cells were bathed in an external Ringer solution consisting of 160 mM NaCl, 4.5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM HEPES, pH 7.4, 311 mOsm. Recording electrodes were pulled and fire-polished to resistances of 1.4-1.8 MΩ and filled with an internal solution consisting of 154 mM KCl, 2 mM CaCl 2, 1 mM MgCl 2 , 10 mM HEPES and 10 mM EGTA with pH 7.3 and 308 mOsm. Cells were voltage clamped at −80 mV and control currents were recorded under the application of 25 μM GABA, using a gravity-fed fast perfusion system, for 5-6 s followed by a 30-40 s wash with external solution. Inhibition of currents were determined by the reduction in current level elicited by the same amount of GABA after the pre-application of fipronil and its derivatives for at least 3 min. Test solutions of fipronil and its derivatives were freshly prepared immediately before each application onto cells. Data analysis was performed using Excel (Microsoft) and Origin 7.0 (OriginLab Corp.) software. Data fitting to the Hill equation to obtain IC 50 values was performed with Origin 7.0. Data are presented as the mean ± S.D.
Indirect competitive Fipronil ELISA
For ELISA all buffers and water solutions were prepared with DI water; phosphate-buffered saline (PBS, 10 mM, pH 7.5); wash buffer PBST (PBS containing 0.05% Tween 20); coating buffer (14 mM Na 2 CO 3 , 35 mM NaHCO 3 , pH 9.8); blocking buffer (1% BSA in PBST); substrate buffer (0.1 M sodium citrate/acetate buffer, pH 5.5). Substrate solution contained 0.2 mL of 0.6% TMB (in dimethyl sulfoxide, DMSO w/v), 0.05 mL of 1% H 2 O 2 in 12.5 mL of substrate buffer. Stop solution was 2 M H 2 SO 4 .·The immunoassay was performed as previously described (Vasylieva et al., 2015) . Briefly, plates were coated with 1 μg/mL antigen BDH-297-7-CON diluted in coating buffer (100 μL/well). After incubation for 1 h at RT, the solution was replaced with blocking buffer (200 μL/well) and plates were incubated over night at 4°C or for 1-4 h at RT. Plates were washed with 300 μL/well of PBST 3 times prior to sample loading. Standards in assay buffer were prepared in glass vials and loaded onto the coated plate in triplicate (50 μL/well). Urine samples were directly loaded onto the plate at 5 μL in 45 μL of the assay buffer. An equal volume (50 μL/well) of anti-fipronil serum #2268 diluted in PBS was added at 1:4000 dilution, giving final 1:8000 dilution in the plate. The plate was incubated for 1 h at RT and then washed 5 times with wash buffer. Goat anti-rabbit IgG-HRP secondary antibody was added at 100 μL/well in a 1:10,000 dilution as instructed by manufacturer. The plate was incubated for 1 h at RT and washed 5 times. Substrate solution was added (100 μL/well). The color development was stopped by addition of 2 M H 2 SO 4 (50 μL/well) and absorbance was read at 450 nm. SigmaPlot 11.0 software was used for curve fitting and data analysis.
Results

Synthesis
5-Amino-1-(2,6-dichloro-4-(trifluoromethyl)phenyl)-4-hydroxy-1H-pyrazole-3-carbonitrile (hydroxy-fipronil, (5)) and methyl 5-amino-1-(2,6-dichloro-4-(trifluoromethyl)phenyl)-1H-pyrazole-3-carbimidate (imidate derivative of fipronil desulfinyl, (6)) were synthesized as described in Scheme 1. The synthesis of hydroxy-fipronil (5) began with preparation of the aceto-intermediate (3) according to the previously described procedure (Banks, 2000) . Briefly, iodination of the fipronil detrifluoromethylsulfinyl with N-iodosuccinimide followed by the Sonogashira coupling of the resulting iodo derivative with trimethylsilyl acetylene gave the acetylenic derivative (2) which was further subjected to potassium carbonate catalyzed cleavage of the trimethylsilyl group and acid catalyzed hydration of the acetylene moiety to give the desired intermediate (3). Baeyer-Villiger oxidation of (3) with mCPBA in the presence of para-toluensulfonic acid provided the acetoxy intermediate (4) in 33% yield (68% based on the recovered starting material). Hydrolysis of the acetoxy function completed the synthesis of the hydroxy-fipronil 5.
The imidate (6) was synthesized in 54% yield (quantitative based on the recovered starting material) by stirring the solution of fipronil detrifluoromethylsulfinyl (1) and sodium hydroxide in methanol under an atmosphere of ambient air or oxygen. NMR and HRMS spectra obtained for the synthesized compound were in a good agreement with expected structure. The detailed analysis is provided in the SI.
Identification and quantification analysis
High resolution TOF MS in negative ionization mode was used to evaluate compound (5) (Scheme 1). Hydroxy-fipronil was observed as a formate adduct with a major ion at m/z 380.9786 while lower intensity ions at m/z 382.9751 and 384.9716 appeared due to the presence of chlorine isotopes (Fig. S1) . The mass-to-charge values obtained experimentally correspond perfectly to calculated values compared at three decimal places. This isotopic pattern is very characteristic of compounds containing two chlorine atoms. There were also additional chlorinated peaks in the spectrum, most probably related to hydroxy-fipronil (reaction side products or intermediate materials) suggesting that the standard contained some impurities. However, the compound was purified by flash column chromatography and as judged by TLC and NMR spectroscopy it was pure at N95%. Therefore, chlorinated peaks observed in the spectra may indicate presence of impurities at no N5%.
The spectrum looked similar when hydroxy-fipronil was spiked in the urine matrix (Fig. S2 ). Prior to quantitative analytical method development, we ran a standard solution of hydroxy-fipronil and a sample of hydrolyzed but non-spiked urine sample from a treated rat on LC/TOF to compare retention times of the standard and the metabolite. We showed clearly a match in retention times of the peaks with the same exact molecular mass of 380.9786 corresponding to the formic adduct of hydroxy-fipronil thus further supporting the identity of the metabolite (Fig. S3) .
The LC-MS/MS chromatograms of a standard mixture containing hydroxy-fipronil, fipronil sulfone and CUDA as an internal standard are provided in the SI (Fig. S4) . The limit of quantification (LOQ) was determined as 10 times the signal-to-noise ratio. In methanol the LOQ was 0.4 ng/mL and 1.5 ng/mL for hydroxy-fipronil and fipronil sulfone, respectively. The LOQ for hydroxy-fipronil in the urine matrix was determined to be 1.0 ng/mL. The sensitivity achieved is comparable to other methods reported in the literature (Bichon et al., 2008; Cazorla-Reyes et al., 2011; Lacroix et al., 2010) . All replicates for all experiments had a relative standard deviation (RSD) of b 18%. Recoveries were determined from spiked urine samples with CUDA used as an external standard. Recovery values for hydroxy-fipronil spiked at 1.0 ng/mL were 110 ± 6%.
Prior to quantitative analysis all urine samples were hydrolyzed to cleave possible glucuronide and sulfate conjugates of hydroxy-fipronil which occur according to literature reports (Cravedi et al., 2013; McMahen et al., 2015) . For this purpose, we used an enzymatic solution of β-glucuronidase/sulfatase since it provides mild conditions for hydrolysis, decreasing the possibility of destroying the hydroxy-fipronil by harsh acidic hydrolysis conditions. The hydrolyzed urine samples were loaded on the chromatography column directly without a preliminary extraction step. To remove any urinary components that could suppress ionization, after loading and prior to elution, the column was washed excessively with aqueous phase followed by elution and MS/ MS detection. Table 1 shows a good relationship between the concentration of hydroxy-fipronil detected in the samples and the amount of fipronil in the diet received by the corresponding rats. Thus, when rats received a single meal with a fipronil dose of 5 or 10 mg/kg, the hydroxy-fipronil concentration in the urine did not differ much and was about 20 ng/mL. However, when animals received continual treatment over 14 days, the concentration of hydroxy-fipronil was 2025 and 5340 ng/mL for animals treated with 5 mg/kg (2 rats tested) and 10,200 ng/mL for the animal treated with 10 mg/kg. The developed method for hydroxy-fipronil quantification was also applied for the quantification of fipronil sulfone. Fipronil sulfone was detected only in samples obtained from animals treated with fipronil repeatedly (samples 42, 81 and 82). All samples were tested blindly and results agreed between two laboratories that tested the samples independently with different sample preparation protocols and instrumental set-up (Table  1) . Table S3 indicates that fipronil is toxic to S. frugiperda larvae with an LC 50 of 4.1 μg/mL. The level of mortality increased with increasing concentrations and reached 100% after 48 h of treatment using 50 μg/mL, and after 12 h of exposure using 100 μg/mL. On the other hand, the fipronil analogues, both hydroxy and imidate, did not cause any mortality on 2nd instar larvae of S. frugiperda even at doses as high as 100 μg/ mL which was sufficient to kill 100% of the treated S. frugiperda larvae with fipronil in b12 h.
Insect toxicity
Human GABA receptor bioassay
To test the activity of fipronil and its derivatives in inhibiting GABAinduced Cl − currents, their effect on currents produced by cells transiently expressing the α1β3γ2L GABA A receptor were measured using whole-cell voltage-clamp. Fipronil showed the highest potency in reducing currents and had an inhibitory effective concentration (EC 50 ) Scheme 1. Synthetic approach toward hydroxy-fipronil (5) and the imidate derivative of fipronil desulfinyl (6). of 1.15 ± 0.25 nM (n = 6, Fig. 1 ), in agreement with its previously published nanomolar activity (Hainzl and Casida, 1996) . Fipronil desulfinyl imidate blocked GABA-induced currents with a similar EC 50 of 2.78 ± 1.42 nM (n = 23). In contrast, the metabolite hydroxy-fipronil was not as potent and required up to a 1000 fold higher concentrations to elicit similar current inhibition (EC 50 =~1 μM).
Immunoassay screening for independent evaluation
We previously developed 2 immunoassays using different sera for the detection of fipronil (Vasylieva et al., 2015) . Cross-reactivity (CR) to hydroxy-fipronil was tested with these polyclonal antibodies 2265 and 2268 (pAbs). In both assays sensitivity to hydroxy-fipronil was significantly lower with CR being only 3.2 (n = 5) and 0.7% (n = 4) for sera 2265 and 2268 respectively (Fig. S5) . The assay 2268 is more robust to changing sample conditions like pH or ionic strength (Vasylieva et al., 2015) . We therefore chose this assay to assess the applicability of the immunoassay for screening of urine samples for the presence of biomarkers of exposure to fipronil. Although minimal CR is observed, based on our previously determined concentrations for hydroxy-fipronil, it should be high enough to produce a pronounced result in the immunoassay. Since the literature data indicates that urine may contain a number of fipronil derivatives and the sera cross-reactivity is not known for all derivatives, the signal from the immunoassay was given a (+) when the concentration of analyte was lower than 5 ng/mL but still significantly detectable; (++) for the concentration range between 10 and 1000 ng/mL and (+++) for N 1000 ng/mL. Table 2 shows a relatively good correlation between data obtained with LC-MS/MS and immunoassay screening of hydrolyzed urine samples.
Discussion
Serum and urine are two common body fluids used for general health analysis but also for monitoring of human exposure to chemicals. Even though both specimens bring complementary information, serum samples are more often used to monitor global health parameters. Nevertheless, urine is much more suitable for large monitoring campaigns since the sample collection is fast, cheap, does not require special training, could be accomplished by the patient and provides large amounts if needed. It is also noninvasive and thus does not have any side effects such as pain or inflammation. However, its use is limited only to the target analytes that are cleared from the body into the urine in the form of the initial parent compound or its corresponding metabolites. To date, fipronil has mainly been detected in the serum of patients in its parent n/a, not tested, N/D-non-detectable. Determined with different LC-MS/MS methods by the EPA group in: *the study of McMahen et al. (2015) ; **this study. a Determined in this work with a LC-MS/MS method different from the EPA group. 2 nM (n = 6) for fipronil, 2.8 ± 1.4 nM (n = 23) for fipronil desulfinyl imidate, and 1000 ± 341 nM (n = 7) for hydroxy-fipronil.
form or as fipronil sulfone (Mohamed et al., 2004) . Two recent studies performed a detailed analysis of urine samples obtained from rats treated with fipronil-containing diet (Cravedi et al., 2013; McMahen et al., 2015) . Both research teams identified a novel potential metabolite in urine, hydroxy-fipronil (UM6, Scheme 2), in its conjugated form (UM10, Scheme 2). Despite the actual match in exact mass and fragments analysis, the identity of the compound has not been proven by comparison with a synthetic standard. A novel and easy approach to the synthesis of hydroxy-fipronil was developed here to extend previous studies and provide data supported with a synthetic standard for detection of hydroxy-fipronil. Since fipronil detrifluoromethylsulfinyl (1), a late-stage intermediate for the synthesis of fipronil, is commercially available and differs from the structure of hydroxy-fipronil by only the absence of the oxygen atom at the 4th position of the pyrazole moiety that could be potentially introduced by an oxidation reaction, it was considered as an attractive starting material for the synthesis. The pyrazole moiety of fipronil detrifluoromethylsulfinyl has a high degree of similarity with enols of β-ketocarbonyl compounds (Fig. 2) . Keeping in mind that enols and enolates are very reactive toward molecular oxygen and undergo addition reactions with it at ambient temperature (Cubbon and Hewlett, 1968; Schottner et al., 2010; Wang et al., 2011) yielding α-hydroperoxy carbonyl compounds, a natural question arose: is a similar reaction possible for the appropriately substituted heterocycles and in particular for the pyrazole moiety of fipronil detrifluoromethylsulfinyl? Unfortunately, treatment of (1) with sodium hydroxide in methanol in the presence of ambient air only resulted in formation of the imidate (6) but not the desired peroxide. The precise structural assignment for compound (6) was proven by spectroscopic analyses. Since the peroxidation-reduction approach failed to give the desired hydroxy-fipronil product, a new successful approach was designed that involved Baeyer-Villiger oxidation of known compound (3) as the key step (Scheme 1A).
The newly developed synthetic standard of hydroxy-fipronil and commercial fipronil sulfone were used to develop an analytical method for their separation and quantification with LC-MS/MS. Prior to the quantification of hydroxy-fipronil the developed method was used to quantify fipronil sulfone in urine samples. These results were compared to the data obtained using a different analytical set-up (McMahen et al., 2015) , tested independently by the EPA group in a blind fashion (Table  1 ). The concentrations of fipronil sulfone determined in urine samples using the LC-MS/MS method developed in this work (17, 14 and 19 ng/mL for rat samples 42, 81 and 82 respectively) were very close to the values provided by the EPA group (26, 24 and 23 ng/mL) that were obtained with two separate methods having different LOQs: 26, 24 and 23 ng/mL at LOQ 10 ng/mL; and 12, 19 and 29 ng/mL at LOQ 1 ng/mL (the EPA data provided for this study). These urine samples were previously tested for free fipronil and no detectable amount was reported (McMahen et al., 2015) , which also agrees with literature reports (Cravedi et al., 2013; Powles et al., 1992) .
Using the analytical method developed here to quantify hydroxyfipronil in the urine of rats treated with fipronil containing diet, we obtained a very good positive trend between the concentration of metabolite detected and fipronil dose in the diet (Table 1) . Control animals did not have detectable hydroxy-fipronil (LOQ 0.4 ng/mL). Those rats that received a single treatment dose of 5 or 10 mg/kg of fipronil had similar hydroxy-fipronil concentrations in the urine at about 20 ng/mL. However, when the animals were treated with the same doses for a period of two weeks, about 80 to 700 times difference in metabolite concentration was observed with the highest values detected in animals treated with dose of 10 mg/kg. Interestingly, Powles et al. (1992) in metabolism studies with 14 C-fipronil and a similar dosing regimen showed that after a single dose at 4 mg/kg, recovery of radioactivity in the urine of treated rats was 5.6%, while after repeated dosing over 14 days, the recovery of radioactivity in the urine was 14-16%. They also showed that a single high dose (150 mg/kg) resulted in an even higher recovery of 22-30%. Thus, our results correlate with data on fipronil metabolism reported in the literature (Powles et al., 1992) . Theoretically, a single exposure to a low amount of fipronil may lead to a distribution of the compound over the body and mostly to the adipose tissue. However, when repeated exposure occurs and the compound is no longer accumulating, a higher amount is excreted, leading to higher detected amounts in the urine.
In the same study with 14 C-fipronil Powles et al. (1992) reported high levels of very polar radiolabeled material detected in unextracted undiluted urine samples using HPLC. Deconjugation with a β-glucuronidase/sulfatase did not change the elution profile. Fourteen compounds were resolved of which seven were identified, while 4 remained unknown. These authors concluded that fipronil sulfone was a minor constituent in deconjugated and original urine. Our results strongly suggest that at least one of those unidentified metabolites might be hydroxyfipronil because in addition to other evidence shown above, it also possesses polar properties after enzymatic deconjugation as described by Powles et al. (1992) . As an interesting addition, we also observed that concentration of hydroxy-fipronil detected in the samples before and after enzymatic hydrolysis did not change significantly (Table S4) .
Bioactivity studies
Since the data reported here demonstrate strong evidence that hydroxy-fipronil is a urinary metabolite in humans, further characterization of its bioactivity properties was conducted. Our goal was to identify if the metabolite had any remaining activity and if it presented any potential concern after being released from the body. Its toxicity was studied in an insect bioassay, as well as its activity on a major human GABA A receptor to which fipronil has a high affinity. In addition, in the bioassay studies we included the imidate derivative of fipronil. This compound has never been characterized before and since it has a chemical structure similar to fipronil, we tested it to extend our knowledge about this compound class. In our hands, fipronil showed an LC 50 (4.1 μg/mL) (Table S3 ) on 2nd larval instar of S. frugiperda very close to what has been previously detected in other lepidopterans (Li et al., 2006) even though the method of treatment was different (diet surface contamination method vs incorporation in the food). In the current study hydroxy-fipronil and fipronil desulfinyl imidate did not show any mortality against 2nd instar larvae of S. frugiperda even when used in high concentrations (i.e. 24-fold higher than fipronil LC 50 ). Larvae treated with both fipronil derivatives did not show any differences compared with control and survivors completed the life cycle normally at least until the pupae stage. We did not monitor possible abnormalities with adult emergence. Our results reflect the apparent safety of these compounds in the environment.
The activity of fipronil and derivatives on GABA A α1β3γ2L receptor currents was then evaluated. As expected, hydroxy-fipronil did not have a significant inhibitory effect on GABA A receptor currents and thus this metabolite might be considered safe in terms of neurotoxicity to humans. Surprisingly, the imidate derivative that did not show any insecticidal activity turned out to be approximately as potent as fipronil on human α1β3γ2L receptors. This discrepancy is even more surprising in light of previous research suggesting that the fipronil binding site lies within the second trans-membrane region of the β3 subunit, a region that shares high amino-acid sequence homology to the analogous region of the insect GABAR, the target of the fipronil (Ratra and Casida, 2001) . One possible explanation for this observation could be the metabolic instability of fipronil desulfinyl imidate.
Urine samples screening by immunoassay
A sensitive fipronil immunoassay was employed to assess the presence of fipronil-like compounds in the urine of treated animals. It was used to evaluate the presence of fipronil metabolites in the samples as an independent method that has a different way of sensing the target analyte as an alternative to LC-MS/MS. Two false positive read outs for samples 35 and 90 were detected. It could have been any other metabolite that the pAb may recognize, but since these samples were from negative control animals, it was more likely due to contamination of the sample or presence of a small matrix effect. Aside from this, there is a strong trend in signal intensity with (++) read out for samples containing hydroxy-fipronil and no fipronil sulfone and (+++) for samples with a significant amount of fipronil sulfone and hydroxy-fipronil detected with LC-MS/MS. These data further support the hypothesis that hydroxy-fipronil is a urinary metabolite of fipronil. In addition, this demonstrates that an immunoassay for analysis of urine samples could be a useful and convenient method for exposure assessment and evaluation. Immunoassays are proven to be the tools of choice for high throughput large screening studies because they provide an inexpensive and fast alternative to instrumental methods. Immunoassays can also be converted into a field portable lateral flow sensor format. Together with non-invasive urine sample collection the availability of field portable sensors would simplify the screening campaigns at manufacturing plants and other related sites of exposure. This would also make occupational medical surveillance affordable and allow timely treatment of affected persons in order to maintain health and wellbeing.
In conclusion, we have developed an easy and fast method for synthesis of hydroxy-fipronil, a urinary metabolite of the fipronil. The newly developed synthetic standard of hydroxy-fipronil was used to develop an analytical LC-MS/MS method for its quantification in the urine of treated animals. Immunoassay with cross-reactivity to fipronil metabolites and to hydroxy-fipronil was used as alternative method to confirm the presence of the metabolite in the urine and to evaluate its level. Our results obtained in a blind fashion, correlated well with the data obtained in the second laboratory that used a different analytical set-up. New compounds synthesized in this work were evaluated in bioassays for neurotoxicity, and results suggested that they did not show GABAergic activity.
